ABSTRACT
ABSTRACT

Marfan syndrome (MFS) is a connective tissue disorder that is often associated with 25
fibrillin-1 (Fbn1) gene mutation and characterized by cardiovascular alterations, 26 predominantly ascending aortic aneurysms. Although neurovascular complications are 27 uncommon in MFS, the improvement in Marfan patients' life expectancy is revealing 28 other secondary alterations, potentially including neurovascular disorders. However, 29
little is known about small vessel pathophysiology in MFS. MFS is associated with 30 hyperactivated transforming growth factor (TGF)-β signaling, which, among numerous 31 other downstream effectors, induces the Nox4 isoform of NADPH oxidase, a strong 32 enzymatic source of H 2 O 2 . We hypothesized that MFS induces middle cerebral artery 33 (MCA) alterations, and that Nox4 contributes to them. MCA properties from 3-, 6-or 9-34 month-old Marfan (Fbn1 Fibrillin-1 form microfibrils, which are a reservoir of transforming growth factor-β (TGF-97 β) and thus contribute to different aspects of Marfan-related vascular pathophysiology 98 (12, 19, 33 and water ad libitum). All of the experiments were performed under the guidelines 131
Pressure myography 149
Structural, mechanical and myogenic properties of the MCA were studied with a 150 pressure myograph (Danish Myo Tech, model P100; J.P. Trading, Aarhus, Denmark), 151 as described (16, 36) . Briefly, vessels were placed on two glass microcannulas and 152 carefully adjusted so that the vessel walls were parallel without stretching them. 153
Intraluminal pressure was then raised to 140 mmHg, and the artery was unbuckled by 154 adjusting the cannulas. Afterwards, the artery was left to equilibrate for 45 min at 40 155 mmHg in gassed KHS (37°C). Intraluminal pressure was reduced to 3 mmHg, and a 156 pressure-diameter curve (3-120 mmHg) was obtained. Internal and external diameters 157 (D iCa and D eCa ) were measured for 3 min at each intraluminal pressure. The artery was 158 left to equilibrate for 30 min at 40 mmHg in gassed, calcium-free KHS (37°C; 0 Ca 2+ : 159 omitting calcium and adding 10 mM EGTA; Sigma-Aldrich, St Louis, MO) and a second 160 pressure-diameter curve (3-120 mmHg) was obtained in passive conditions. Structural, 161 mechanical and myogenic parameters were analyzed as described (16). 162
163
Nuclei distribution by confocal microscopy 164
Pressured (40 mmHg)-fixed intact MCA was stained with Hoechst 33342 nuclear dye 165 (10 μg/ml; Sigma-Aldrich) for 30 min (16, 36). Once washing had been completed, 166 arteries were mounted on slides with a well that was made from silicon spacers, to 167 avoid artery deformation. The slides were visualized with a Leica TCS SP2 168 compare groups. Data analysis was carried out using GraphPad Prism version 6 233 software. A value of P < 0.05 was considered significant. 234
235
RESULTS
236
Structural, mechanical and myogenic properties of MCA during MFS progression 237
To obtain MCA structural parameters, external and internal diameters were measured 238 under fully relaxed conditions (0 Ca 2+ -KHS). We did not find a significant difference in 239 external (3 months; wild-type: 167.33 ± 3.41 μm, n = 9; Marfan: 169.86 ± 4.23 μm, n = 240 7; 6 months; wild-type: 171.00 ± 5.03 μm, n = 10; Marfan: 167.18 ± 3.79 μm, n = 11; 9 241 months; wild-type: 168.71 ± 6.09 μm, n = 7; Marfan: 163.14 ± 2.78 μm, n = 7; 60 242 mmHg) or internal (3 months; wild-type: 143.00 ± 2.46 μm, n = 9; Marfan: 145.00 ± 243 4.53 μm, n = 7; 6 months; wild-type: 146.60 ± 5.20 μm, n = 10; Marfan: 141.00 ± 3.25 244 μm, n = 11; 9 months; wild-type: 143.43 ± 6.36 μm, n = 7; Marfan: 136.00 ± 2.64 μm, nAt 3 months, structural parameters were similar in vessels from control and Marfan 247 mice. However, at 6 months of age, unlike cross-sectional area (Fig. 1A) and wall 248 thickness (results not shown), the wall/lumen (Fig. 1B ) was higher (P < 0.05) in Marfan 249 than in wild-type mice, difference that disappeared at 9 months of age. Additionally, 250
neither the cross-sectional area (Fig. 1A) nor the wall thickness (results not shown) 251 was modified in Marfan mice at this age. 252
Wall stiffness is a mechanical parameter that can be determined from the stress-strain 253 relationship (2). Since the stress-strain curve is not linear, it is more appropriate to 254 obtain the slope of the curve (β-value). At all mice ages studied, the stress-strain 255 relationship and the β-values were similar, which indicates that MCA stiffness is not 256 altered in Marfan mice ( Fig. 2A) . 257
We did not find a significant difference in internal diameter in active conditions in wild-258 type versus Marfan mice in any age group under study (3 months; wild-type: 131.11 ± 259 3.41 μm, n = 9; Marfan: 135.14 ± 3.94 μm, n = 7; 6 months; wild-type: 121.00 ± 8.40 260 μm, n = 9; Marfan: 121.70 ± 3.93 μm, n = 10; 9 months; wild-type: 124.86 ± 5.11 μm, n 261 = 7; Marfan: 116.57 ± 4.98 μm, n = 7; 60 mmHg). The analysis of myogenic response 262 as a function of pressure obtained from internal diameter reductions in active relative to 263 passive (0 Ca 2+ -KHS) conditions revealed that arteries from 3-month-old wild-type mice 264 had less (P < 0.05) myogenic tone than arteries of mice from 6 and 9 months (Fig. 2B) . 265
However, neither the analysis of myogenic response as a function of pressure ( Fig. 2B ) 266 nor the slope of these curves (myogenic reactivity; Table 1 ) showed significant 267 differences between wild-type and Marfan MCA in all age groups.
We next measured expression levels of the most relevant NADPH oxidases of brain 272 vasculature, as well as ROS production in cerebral arteries from wild-type and Marfan 273 mice (Fig. 3) . We evaluated mRNA levels of NADPH oxidase (a major source of 274 vascular superoxide anion) catalytic (Nox1, Nox2, Nox4) and regulatory (p22 phox ) 275 subunits. Marfan cerebral arteries did not show differences in Nox1 and p22 phox mRNA 276 expression levels compared with wild-type mice (Fig. 3A) . In contrast, mRNA levels of 277
Nox4 were significantly higher (P < 0.05) in Marfan mice (Fig. 3A) . 278
To understand the physiological meaning of increased Nox4 expression in MCA of 279
Marfan mice, we generated a Marfan mice model, which was deleted for Nox4 (Nox4 -/-
280
). Taking into account the aforementioned results, we chose animals at six months, in 281 which the most significant vascular changes were observed. Absence of Nox4 282 expression per se did not alter either Nox1 or p22 phox mRNA levels (Fig. 3A) . However, 283
Nox4 deficiency in Marfan mice led to higher (P < 0.05) Nox1 mRNA expression levels 284 than in wild-type mice (Fig. 3A) . Unfortunately, Nox2 mRNA levels were undetectable. 285
We also analyzed mRNA levels of Poldip2, which binds to p22 phox and enhances Nox4 286 activity (30), and no differences were observed (results not shown). ROS levels were 287 evaluated by DHE-derived fluorescence, and they were higher along the MCA wall of 288 Marfan (two-way ANOVA; P < 0.01) mice than in wild-type mice (Fig. 3B) . However, 289 post-test analysis showed significant increases (P < 0.05) in Marfan compared to wild-290 type mice, but not between Marfan Nox4 +/+ and Marfan Nox4 -/-. This suggests that the 291 superoxide anion is not increased via Nox4, but probably through other Nox such as 292
Nox1. 293
We evaluated TGF-β expression in cerebral arteries from wild-type and Marfan mice in 297 the presence and absence of Nox4. Quantitative analysis of TGF-β mRNA levels 298 showed higher (P < 0.05) mRNA expression in Marfan than in wild-type mice (Fig. 4) . 299
However, Nox4 deletion attenuated (P < 0.001) TGF-β mRNA expression levels. These 300 results suggest that increases in local TGF-β expression might contribute to 301 augmenting Nox4 expression in the MCA of Marfan mice in a feed-forward fashion. 302 303
Structural, mechanical and myogenic properties of MCA after Nox4 deletion 304
We next studied the contribution of Nox4 to the MCA properties of wild-type and 305
Marfan mice ( MCA from Marfan Nox4 -/-were more enlarged (P < 0.01) than in wild-type Nox4 -/-mice. 312
It is important to highlight that the absence of Nox4 expression per se did not alter the 313 MCA structure. In contrast, deletion of Nox4 in Marfan mice led to an increase (P < 314 0.05) at high intraluminal pressures (from 60 to 120 mmHg) in cross-sectional area 315 (Fig. 5A ) and wall/lumen (Fig. 5B ), but not wall thickness (results not shown). 316
Nevertheless, Nox4 deficiency did not alter the wall stiffness (Fig. 5C ), the internal 317 diameter in active conditions (wild-type: 115.60 ± 9.93 μm, n = 5; Marfan: 113.83 ± 318 3.10 μm, n = 6; wild-type Nox4 -/-: 120.25 ± 3.90 μm, n = 4; Marfan Nox4 -/-: 119.20 ± 319 4.55 μm, n = 5; 60 mmHg), the myogenic response as a function of pressure (Fig. 5D) , 320 and the myogenic reactivity (wild-type: 0.133 ± 0.080, n = 4; Marfan: 0.077 ± 0.063, n = 321 6; wild-type Nox4 -/-: 0.033 ± 0.062, n = 4; Marfan Nox4 -/-: 0.007 ± 0.030, n = 5). 322
Distribution of nuclei through the MCA wall 324
We next examined whether the aforementioned structural differences could be 325 attributed to changes in the cell density of the MCA wall. To this aim, we analyzed the 326 nuclei distribution from intact and pressurized MCA. As reported in Table 2 , total wall, 327 adventitial and media MCA volumes, as well as smooth muscle and endothelial cell 328 number, were almost the same in Marfan and wild-type mice. However, the absence of 329 Nox4 in Marfan mice led to an augmented wall volume (P < 0.01) and a decrease (P < 330 0.05) in adventitial cell number. Taken together, these results suggest that the MCA 331 structural alterations occurring in Marfan mice of 6 months of age would not implicate 332 an increase in the number of wall cell nuclei, regardless of the presence or absence of 333
Nox4. 334 335
Elastin and collagen contents in the MCA wall 336
Total elastin fluorescence in MCA cross sections was similar among groups (wild-type: 337 91.8 ± 17.7, n = 6; Marfan: 66.8 ± 9.9, n = 5; wild-type Nox4 -/-: 80.8 ± 15.5, n = 5; 338
Marfan Nox4 -/-: 86.8 ± 4.8, n = 4). In addition, analysis of internal elastic lamina (IEL) 339 thickness from intact pressurized MCA showed no differences among groups (Table 2) . (Table 2) . 343
To investigate whether the observed MCA wall hypertrophy in Marfan mice could be a 344 consequence of excess collagen deposition, we measured the expression and content 345 of collagen and proteins involved in extracellular matrix (ECM) degradation. Neither (Fig. 6B ) was altered in Marfan compared with wild-type mice. However, a Marfan-348 associated increase (P < 0.05) in matrix metalloproteinase (MMP)-9 mRNA levels was 349 observed (Fig. 6A) . Nox4 -/-mice showed an intrinsic increase (P < 0.05) of MMP-9 350 mRNA (Fig. 6A) that was accompanied by decreased (P < 0.05) collagen 1A1 mRNA 351 levels (Fig. 6A) , with unchanged collagen deposition (Fig. 6B) . Importantly, Nox4 352 deficiency in Marfan mice led to augmented (P < 0.05) collagen deposition (Fig. 6B) , 353 despite diminished (P < 0.01) collagen 1A1 and augmented (P < 0.01) MMP-9 mRNA 354 levels (Fig. 6A) . Protein expression of MMP-9, assessed by immunofluorescence, was 355 higher (P < 0.05) in Marfan than in wild-type mice, and was attenuated (P < 0.05) by 356
Nox4 deletion (Fig. 6C) . Overall, these results suggest that collagen degradation is 357 augmented in the MCA of Marfan mice, and that even though transcriptional negative 358 feedback modulation is initiated, net collagen deposition seem to contribute to MCA 359 hypertrophy in Marfan Nox4 -/-mice. 360
361
DISCUSSION
362
The aim of the present study was to characterize for the first time the cerebral artery 363 properties of a mouse heterozygous for a mutation in Fbn1 (Fbn1 
wall/lumen differences in 9-month-old mice, most likely due to the slight age-dependent 385 decline of this parameter in wild-type mice. Remarkably, Marfan animals did not display 386 significant alterations in MCA wall stiffness during aging. In contrast, both aorta (8) and 387 mesenteric arteries (46) from Marfan mice showed enhanced wall stiffness. In addition, 388 the lack of changes in middle cerebral artery myogenic tone and reactivity suggest that 389 myogenic autoregulatory mechanisms are preserved. Taken together, the different 390 magnitude of changes observed during MFS progression in systemic (7, 8, 9, 45, 46, 391 50) compared to cerebral arteries suggests region-specific differences in sensitivity to 392 MFS, and highlights that cerebral blood flow is tightly regulated. 393
Increased ROS production and/or oxidative stress have been found to be involved in 394 systemic artery alterations related to MFS (46, 50). Accordingly, we observe that, MCA 395 from Marfan mice also showed augmented ROS generation when compared to wild-396 type. Even though ROS production is often linked to an increase in vascular collagen 397 deposition (4), we did not detect significant collagen accumulation in MCA from 6-398 month-old Marfan mice. ECM breakdown mediated by MMP has been associated withexpression in the MCA of Marfan mice, which could explain the increase in collagen 401 degradation. In addition, although fibrillin-1 is a scaffolding protein that is crucial for 402 elastin assembly (41), fibrillin-1 defects in Marfan animals do not seem to be coupled 403 with an apparent disruption of MCA wall elastin. Collectively, the absence of major 404
Marfan-induced ECM alterations in MCA are in contrast with changes reported in aorta 405 (8, 12, 14), but support previous findings that challenge the supposed association 406 between MFS and cerebral artery aneurysms (10, 48, 49). Nevertheless, we have to be 407 cautious in generalizing these results to human beings, as our study is limited to one of 408 the various available experimental murine models of MFS, whose clinical symptoms 409 are highly variable depending on their penetrance. means ± SE from wild-type (3 months: n = 9; 6 months: n = 9; 9 months: n = 7) and 648
Marfan (3 months: n = 7; 6 months: n = 11; 9 months: n = 7) mice. *P < 0.05 by two-649 way ANOVA. 650 pressure. Results are the means ± SE from wild-type (3 months: n = 9; 6 months: n = 655 7-8; 9 months: n = 7) and Marfan (3 months: n = 7; 6 months: n = 7-11; 9 months: n = 656 6-7) mice. 657 are the means ± SE from wild-type (n = 5), Marfan (n = 5), wild-type Nox4 -/-(n = 5-7) 666
and Marfan Nox4 -/-(n = 5) mice. *P < 0.05, **P < 0.01, ***P < 0.001 by two-way 
Nox4
-/-(n = 5) and Marfan Nox4 -/-(n = 5) mice. *P < 0.05 by two-way ANOVA. All 684 experimental groups were compared against each other but only significant 685 comparisons are indicated. 686 Table 1 Slope value (myogenic reactivity) of the myogenic response as a function of pressure curve in middle cerebral arteries from 3-, 6-and 9-month-old wild-type and Marfan mice.
Results are the means ± SE from wild-type (3 months: n = 9; 6 months: n = 7; 9 months: n = 7) and Marfan (3 months: n = 7; 6 months: n = 7; 9 months: n = 7) mice. 
